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GaxIn12xAs quantum wire ~QWR! arrays were grown in situ by molecular beam epitaxy. A lateral
composition modulation was achieved in the GaxIn12xAs material system via the strain-induced
lateral layer ordering process occurring spontaneously when (GaAs)n /(InAs)n short-period
superlattices are grown on ~100!-oriented on-axis InP substrates. The resulting quasiperiodic
modulation of the GaxIn12xAs composition, with a periodicity of 300 Å, offers a lateral quantum
confinement along the growth plane. The quantum confinement in the growth direction is provided
by sandwiching the thin ~;100 Å! laterally ordered GaxIn12xAs layer between layers of bulk
Al0.24Ga0.24In0.52As. The formation of the QWR array is confirmed by cross-sectional transmission
electron microscopy and polarized photoluminescence measurements. © 1995 American Vacuum
Society.I. INTRODUCTION
GaxIn12xAs is one of the most important ternary III–V
compound semiconductors. Its bandgap energy can cover
both the 1.3 and 1.55 mm range, which are the preferred
wavelengths in long distance optical fiber communications.
However, long-wavelength photonic devices based on
lattice-matched Ga0.47In0.53As/InP heterostructures suffer
from strong Auger recombination and intervalence band ab-
sorption processes.1 The implementation of strained struc-
tures has had limited success in improving the device perfor-
mance owing to the critical thickness constraint. On the other
hand, the strained quantum wire ~QWR! structure is an alter-
native way to improve the laser performance by further sepa-
rating the heavy-hole and the light-hole bands.2 Current ex-
perimental methods for producing QWRs include etching
and regrowth and growth on tilted or V-grooved substrates.3
These methods, with or without regrowth, have inevitably
been hampered by the large optical loss of the light absorp-
tion at the interface, and the threshold current density of
lasers has been higher than those obtained from the as-grown
quantum well ~QW! structures.4 Recently, Cheng, Hsieh, and
Baillargeon have demonstrated that by using the strain-
induced lateral-ordering ~SILO! process,5 an in situ
GaxIn12xAs lateral QW formation can be created in vertical
(GaAs)n /(InAs)n short-period-lattice structure ~SPS!. In this
study, GaxIn12xAs QWR heterostructures were fabricated by
replacing the QW materials with the ~GaAs!2/~InAs!2 SPS
layers in Ga0.47In0.53As/Al0.24Ga0.24In0.52As heterostructures.
The formation of the QWR array was examined by cross-
sectional transmission electron microscopy and polarized
photoluminescence measurements.
II. EXPERIMENT
The growth of GaxIn12xAs multiple quantum wire
~MQWR! heterostructures was performed on nominally on-
axis ~100! InP substrates by molecular beam epitaxy ~MBE!.
The heterostructure consists of a 0.25 mm Al0.48In0.52As
buffer layer, a 0.13 mm Al0.24Ga0.24In0.52As barrier layer, a650 J. Vac. Sci. Technol. B 13(2), Mar/Apr 1995 0734-211X/MQWR region, a 0.13 mm Al0.24Ga0.24In0.52As barrier layer,
and a 0.15 mm Al0.48In0.52As cap layer. The MQWR region
consists of five QWs separated by four barriers. Each QW
contains eight pairs of ~GaAs!2/~InAs!2 SPS layers of total
thickness 100 Å, which effectively have an average bulk
composition of Ga0.5In0.5As. The barrier is bulk
Al0.24Ga0.24In0.52As of thickness 75 Å. The SILO process oc-
curs within the ~GaAs!2/~InAs!2 SPS region, as described
previously5 and modulates the composition in the growth
plane, creating an array of QWR structures. A multiple-
quantum-well ~MQW! sample with the same structure, ex-
cept with the QWs consisting of lattice-matched bulk
Ga0.47In0.53As, was also grown for comparison. The growth
rates of all sources were calibrated by reflection high-energy
electron diffraction intensity oscillations. The Al0.48In0.52As
buffer and cap layers were grown at the desorption tempera-
ture of the InP substrate ~Td;540 °C!, while the MQWR
regions were grown at 500 °C. For the growth of the
~GaAs!2/~InAs!2 SPS regions, shutters of the Ga and In effu-
sion cells were opened alternately without further adjustment
of the cell temperature. The V/III flux ratio was maintained
at ;25:1 throughout the growth.
The samples were characterized by cross-sectional trans-
mission electron microscopy ~TEM! and polarized photolu-
minescence ~PPL! spectroscopy to examine and verify the
formation of the QWRs. Low-temperature ~77 K! PL mea-
surements were performed using a cold-finger type of cry-
ostat. The luminescence was excited using a linearly polar-
ized Ar1 laser tuned at 5145 Å, dispersed in a 0.5 m focal
length grating spectrometer, and detected with a liquid-
nitrogen cooled Ge detector using the lock-in technique. For
PPL measurements, the incident laser beam was polarized
parallel to the @110# direction of the samples. By placing a
polarization analyzer in front of the spectrometer and orient-
ing it either parallel or perpendicular to the @110# direction,
the polarized PL intensities can be determined.6 The PL in-
tensity ratio from these two orientations was used to deter-
mine the polarization anisotropy ratio.65095/13(2)/650/3/$6.00 ©1995 American Vacuum Society
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After growth, the GaxIn12xAs MQWR sample was exam-
ined by cross-sectional TEM and the dark-field images are
shown in Fig. 1. A uniform image of the ~GaAs!2/~InAs!2
SPS regions appears in the @110# cross section while strong
dark and bright fringes are seen in the @1¯10# cross section.
The horizontal bands are the five ‘‘QW’’ regions described
previously, each 100 Å thick, while the vertical fringes are
due to composition modulation within the SPS structures as
established in Ref. 5. The dark fringes shown in the @1¯10#
cross section correspond to the In-rich (x,50%! regions and
the bright fringes correspond to the Ga-rich ~x.50%!
regions.7 Both In-rich and Ga-rich regions are about 150 Å
wide. These dark and bright fringes have been identified as
an indication of the Ga/In composition modulation along
the @110# direction.8 The lateral @110# periodical compo-
sition modulation combined with the conventional
@~GaAs!2/~InAs!2 SPS#/Al0.24Ga0.24In0.52As heterojunction in
the @100# growth direction provides quantum confinement in
the @110# and @100# directions, respectively, and forms the
MQWR structures. The average cross-sectional area of the
In-rich region is about 150 Å3100 Å with a lateral period-
icity of ;300 Å. These areas are small enough to be consid-
ered as true quantum wires. The estimated linear MQWR
density is 33 wires/mm.
The 77 K PL spectra were measured on both MQWR and
MQW samples. Figure 2 shows the PL spectra of the MQWR
structure and the MQW sample grown under optimal condi-
tions. The PL peak energy is about 0.735 eV for the MQWR
structure and is about 0.820 eV for the lattice-matched MQW
structure. Compared to the MQW sample, the PL peak en-
ergy of the MQWR structure shows a red shift of about 85
meV. This energy shift is more than twice the value reported
for the CuAu-I type long-range ordering in GaxIn12xAs
compounds grown on ~100! InP substrates.9 This large red
shift is due to the SILO process that creates In-rich regions
within the SPS structures, similar to the GaxIn12xP
system.10,11 Since the PL originates from the In-rich QWR
region, the magnitude of the red shift can be estimated by
considering the magnitude of the composition modulation,
including strain, two-dimensional quantum size effects, and
valence band mixing.6,11
FIG. 1. Dark-field cross-sectional TEM micrographs of the GaxIn12xAs
MQWR structure grown on ~100!-oriented on-axis InP substrate. Inside each
~GaAs!2/~InAs!2 SPS region, a uniform image appears in the @110# cross
section while dark and bright fringes are observed in the @1¯10# cross section.JVST B - Microelectronics and Nanometer StructuresBecause the coupling of the orthogonal quantized states is
not very strong for QWR dimension >100 Å,12 the quanti-
zation energies were calculated separately for the @100#
growth direction and for the @110# lateral direction using the
efficient and accurate method of Chuang13 and simply super-
posed. Approximating the QWR potential as rectangular and
ignoring the coupling between adjacent QWR states ~less
than 1 meV!, the calculated PL peak energy matches with the
observed energy if one assumes x;0.35 in the In-rich re-
gions of the GaxIn12xAs MQWR. This result is similar to
results reported in the GaxIn12xP/Al0.5In0.5P MQWR system
grown on GaAs substrate by the SILO process.6 We also
noticed that in the PL measurements, the MQWR sample
showed higher PL intensity than that of the MQW sample by
a factor of 4, which suggests a better quantum efficiency in
the MQWR sample. However, the PL full width at half-
maximum of the MQWR sample is about 2 times wider than
that of the MQW sample, which is due to the nonuniformity
of the MQWRs.
In contrast to the MQW sample, which shows expected
isotropic PPL intensities, the MQWR sample shows strong
PPL anisotropy. Figure 3 shows the 77 K PPL emission spec-
tra of the MQWR sample. The peaks at 0.978 eV are due to
the bulk lattice-matched Al0.24Ga0.24In0.52As region. The two
peaks associated with the two orthogonal polarizations dis-
played the same spectrum as would be expected for a zinc-
blende compound.14 The other peak at 0.735 eV originates
from the MQWR region and is strongly polarized in the di-
rection perpendicular to the @110# direction. The large polar-
ization anisotropic ratio ~;3! shown in Fig. 3 comes from
the enhanced nonlinear optical properties associated with the
additional degree of quantum confinement.6 This peak per-
sists at 300 K and remains strongly polarized with an inten-
sity ratio of over 2 for the two orthogonal polarizations.
IV. SUMMARY
High-density GaxIn12xAs MQWR structures have been
formed in situ on nominally on-axis ~100! InP substrates us-
ing MBE. The lateral composition modulation generated by
the SILO process in the ~GaAs!2/~InAs!2 SPS layers act as
FIG. 2. The 77 K PL spectra of the GaxIn12xAs MQWR heterostructure
~solid line! and a Ga0.47In0.53As/Al0.24Ga0.24In0.52As MQW reference sample
~dashed line!.
652 Chou et al.: Growth of GaxIn12xAs QWR heterostructures 652lateral QWs perpendicular to the growth direction. These
GaxIn12xAs lateral QWs sandwiched between the
Al0.24Ga0.24In0.52As barrier layers in the growth direction
forms the QWR heterostructure. The MQWRs were revealed
by the cross-sectional TEM images, which show composition
modulation regions as small as 250 Å3100 Å in the @1¯10#
plane. The existence of multidimensional quantum confine-
ment was verified by the large optical polarization anisotropy
in MQWR samples at an energy approximately 85 meV be-
low the lattice-matched Ga0.47In0.53As band gap energy. An
analysis of the TEM data, PL peak energies, and polarization
anisotropies has unambiguously confirmed the QWR nature
of these heterostructures.
FIG. 3. The 77 K PPL spectra of the GaxIn12xAs MQWR structure. The
solid and dashed lines denote the orientation of the polarization analyzer
with respect to the @110# direction for the PPL measurement.J. Vac. Sci. Technol. B, Vol. 13, No. 2, Mar/Apr 1995ACKNOWLEDGMENTS
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